Iron-sulfur (Fe/S) proteins perform central functions in catalysis, electron transport, and regulation of biological processes (1, 2) . They possess an inorganic cofactor that, in its simplest version, consists of two or four iron and sulfur atoms, the so-called [2Fe-2S] or [4Fe-4S] clusters, respectively (3) . During the past few years, complex machineries have been discovered that assist in the assembly of the Fe/S clusters and in their insertion into apoproteins. The nitrogen fixation (NIF) machinery is dedicated to the assembly of Fe/S clusters in the complex metalloprotein nitrogenase of nitrogen-fixing bacteria (13, 43) . The sulfur mobilization (SUF) machinery is present in Bacteria, Archaea, and the apicoplast of parasites and particularly is required under oxidative stress and iron-limiting conditions (32, 40, 54) . The ISC (iron-sulfur cluster) assembly machinery found in Bacteria and mitochondria of Eukarya comprises some 10 components (8, 14, 16, 31) . In many bacteria, the encoding genes are frequently organized in clusters termed isc operons (67) .
Functional studies of Fe/S protein biogenesis in eukaryotes have been performed with the model organism Saccharomyces cerevisiae, in which Fe/S cluster assembly takes place in mitochondria (see, e.g., references 15, 23, 26, 29, 33, 47, and 53) . The presence of ISC homologues in virtually all eukaryotic species suggests that the process is highly conserved in Eukarya. Central players of the pathway are the cysteine desulfurase Nfs1p, which releases sulfur from cysteine, and the highly homologous proteins Isu1p and Isu2p, which serve as scaffolds for the assembly of the clusters (34) . The chemistry of Fe/S cluster formation is still under investigation, mainly using ISC components isolated from bacteria (21, 39, 51, 66) . One model proposes that ferrous iron associates with conserved cysteine residues of the Isu (or bacterial IscU) proteins. Complex formation with Nfs1p (or the bacterial homolog IscS or NifS) (48, 68) leads to the transfer of sulfur from a cysteine persulfide moiety on Nfs1p to a cysteine of Isu/IscU and the subsequent formation of the Fe/S cluster. Further components required for Fe/S cluster synthesis on the Isu proteins are an electron transfer chain consisting of the ferredoxin reductase Arh1p and the ferredoxin Yah1p, which likely transfer electrons to sulfur (S 0 ) released from cysteine in order to form the sulfide (S 2Ϫ ) present in the cluster (26, 29) . The loading of ferrous iron onto the Isu scaffold proteins is facilitated by their interaction with frataxin (yeast Yfh1p), a protein depleted in the neurodegenerative disease Friedreich's ataxia (7, 17, 65) . Crucial proteins that are required later in biosynthesis are the heat shock proteins Ssq1p and Jac1p, which interact with Isu1p and Isu2p, and the mitochondrial glutaredoxin Grx5p (12, 22, 33, 44, 59, 60) .
Fe/S proteins are found not only in mitochondria but also in the cytosol and the nucleus (16) . Previous studies suggested that Fe/S protein maturation in the cytosol requires the function of mitochondria (see, e.g., references 5, 23, 26, and 29) . For instance, it was shown that yeast Nfs1p was required inside the organelles for its functional involvement in cytosolic Fe/S protein biogenesis. Other components of the yeast mitochondrial ISC assembly machinery were also found to be essential for maturation of Fe/S proteins in the cytosol, such as the electron transfer chain Arh1p/Yah1p and Yfh1p. It was proposed that export of a yet unknown compound from mitochondria to the cytosol is facilitated by the ABC transporter Atm1p of the inner membrane, thereby supporting cytosolic Fe/S protein maturation (23, 31) . Atm1p is needed specifically for cytosolic but not for mitochondrial Fe/S protein maturation and may be assisted by the sulfhydryl oxidase Erv1p of the intermembrane space and by the tripeptide glutathione (27, 50) . Nevertheless, some ISC assembly components have been identified not only in mitochondria but also in the cytosol and nucleus (25, 37, 55, 56) . Even though the extramitochondrial ISC proteins are present at low concentrations, these components may be responsible for Fe/S protein assembly and/or repair outside mitochondria. However, experimental evidence for the functionality of the cytosolic ISC components has not been provided yet. Interestingly, a function of extramitochondrial Nfs1p in the synthesis of thionucleotides of tRNA has been demonstrated recently (38; G. Kispal and U. Mühlenhoff, unpublished data).
In this report, we used yeast as a model system and asked questions about whether the scaffold proteins Isu1p and Isu2p participate in cytosolic Fe/S protein maturation and in which subcellular compartment they perform this possible function. By employing a yeast mutant that allowed the regulated expression of the ISU genes, we demonstrate that the Isu proteins support the de novo synthesis of Fe/S proteins not only in mitochondria but also in the cytosol. For the latter function, mitochondrial localization of the Isu proteins was essential. The fact that both the sulfur donor Nfs1p (23) and the Fe/S cluster assembly proteins Isu1p and Isu2p (this work) are required inside mitochondria to assist in cytosolic Fe/S protein maturation reinforces the concept of a primary function of mitochondria in Fe/S protein maturation in the entire cell.
MATERIALS AND METHODS
Yeast strains and cell growth. The following strains of S. cerevisiae were used. W303-1A (MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100) served as the wild type. The ISU1 and ISU2 genes were deleted in wild-type cells by a PCR-based method employing a histidine-selective marker (62) (strains ⌬isu1 and ⌬isu2). Exchange of the endogenous promoter of the ISU1 gene for a galactose-inducible promoter in ⌬isu2 cells (strain Gal-ISU1/⌬isu2) was performed as described by Lafontaine and Tollervey (http://www.mips.biochem .mpg.de/proj/yeast/info/tools/tollervey/pcr.html). The galactose-inducible promoter (GAL1-10) from plasmid pTL26 was cloned into pRS315 as a BamHI/ HindIII fragment to yield plasmid pRS315-GAL1-10. Its LEU2/GAL1-10 cassette was used as target DNA for ISU1 promoter exchange by PCR using primers matching nucleotides Ϫ477 to Ϫ427 and 37 to Ϫ15 of the ISU1 gene. Growth of yeast cells was as detailed previously using rich (YP) or synthetic complete medium (49) and lactate medium (10) (with 0.1% glucose) containing the required carbon sources. For experiments involving cell labeling with radioactive 55 Fe, no iron salt was added to the synthetic minimal medium (iron-poor medium).
Plasmids. The different ISU1 constructs were expressed under the control of the MET25 promoter from a high-copy-number vector (p426Met25; constructed according to reference 36). ISU1 was cloned without the putative mitochondrial targeting sequence (yielding Isu1p⌬30; codons 31 to 165) or fused in frame with the Neurospora crassa F 0 -ATPase subunit 9 presequence (pSu9-Isu1p⌬30; pSu9, codons 1 to 69; ISU1, codons 31 to 165). To synthesize Isu1p with a negatively charged prepiece (DAE-Isu1p⌬30), the ISU1 gene (codons 31 to 165) was amplified by PCR with a 5Ј primer additionally coding for the tripeptide DAE.
The human cDNAs encoding cytosolic hIsu1 (IMAGE clone 3617035; RZPD, Berlin, Germany) and mitochondrial hIsu2 (IMAGE clone 3900148) were used for complementation experiments. The coding sequences of hIsu1 and of the mature form of hIsu2 (codons 34 to 167) were cloned into the yeast vector p424GPD (36) or were fused to the mitochondrial presequence of subunit ␤ of N. crassa F 1 -ATPase (pF 1 ␤; codons 1 to 40) before cloning into the same vector. These constructs were used to attach a C-terminal hemagglutinin (HA) epitope tag to the human Isu proteins. The coding sequences were inserted into vector p424GPD. The iscU gene from Escherichia coli was amplified by PCR using chromosomal DNA and cloned into the vector p416Met25 (36) either without modification or fused in frame to the coding sequence of N. crassa pSu9 presequence (encoding the fusion protein pSu9-IscU). All constructs were verified by DNA sequencing.
Miscellaneous methods. The following published methods were used: manipulation of DNA and PCR (46) , transformation of yeast cells (18) , and isolation of yeast mitochondria and postmitochondrial supernatant (11) . The mitochondrial iron content was measured with the iron-chelator bathophenanthrolinedisulfonic acid (28) . The labeling of yeast cells with radioactive iron ( 55 Fe; 2 h for mitochondrial and 4 h for cytosolic Fe/S proteins) and the measurement of the 55 Fe incorporation into various Fe/S proteins by immunoprecipitation and liquid scintillation counting were performed as described earlier (23, 35) . Experiments were performed at least three times.
RESULTS
Generation of a mutant strain for regulated expression of ISU1. Yeast mutants were constructed in which either the ISU1 or ISU2 genes were deleted (⌬isu1 and ⌬isu2 strains). In our strain background (W303), these mutants showed wild-type growth and did not display significant defects in mitochondrial and cytosolic Fe/S proteins (not shown). This indicated that Isu1p and Isu2p could replace each other and hence perform overlapping functions. To study the consequences of an Isu protein deficiency, we created a yeast strain that allowed the regulated expression of ISU1 in the absence of functional Isu2p. The ⌬isu2 strain was used to generate the mutant Gal-ISU1/⌬isu2 in which the ISU1 gene is under the control of the GAL1-10 promoter, and thus Isu1p levels can be down-regulated by growth of cells in the absence of galactose. Gal-ISU1/ ⌬isu2 cells grew at wild-type rates in the presence of galactose yet did not give rise to colonies on glucose-containing agar plates, indicating that depletion of Isu1p in the absence of Isu2p is lethal (Fig. 1A) (15, 47) . When Gal-ISU1/⌬isu2 cells were grown in liquid medium, they could undergo three to five duplications after transfer to medium containing glucose as the sole carbon source before growth arrest (not shown). Notably, the growth characteristics of Gal-ISU1/⌬isu2 cells were similar to those of Gal-NFS1 cells (Fig. 1A) (23) .
Mitochondria were isolated from Gal-ISU1/⌬isu2 cells grown for 16 h in glucose-containing medium and analyzed by immunostaining. Almost quantitative depletion of Isu1p was seen relative to wild-type mitochondria or mitochondria isolated from Gal-ISU1/⌬isu2 cells that were grown in the presence of galactose (Fig. 1B) . The amounts of other mitochondrial proteins needed for preprotein or metabolite transport were not altered upon depletion of Isu1p. Proteins of the ISC assembly machinery were either slightly increased, such as Nfs1p or Ssq1p, or somewhat decreased, such as Yfh1p (yeast frataxin). We noted, however, that in the absence of Isu1p and Isu2p, the amounts and activities of several mitochondrial Fe/S proteins were decreased (not shown). This is consistent with earlier findings that showed a crucial role of the Isu proteins in mitochondrial Fe/S protein biogenesis (15, 34, 47) . Further, Isu protein-depleted mitochondria accumulated 20-fold-larger amounts of iron than wild-type organelles (Fig. 1C) . This phenotype is characteristic for yeast cells exhibiting defects in the assembly of cellular Fe/S proteins. Thus, the strain Gal-ISU1/ ⌬isu2 is suitable for functional studies of the Isu proteins in Fe/S protein maturation.
The Isu proteins are required for de novo biogenesis of mitochondrial and cytosolic Fe/S proteins. We first tested whether the Isu proteins are required for the de novo formation of mitochondrial Fe/S proteins and chose biotin synthase (Bio2p) as a model Fe/S protein (41) . Wild-type and Gal-ISU1/ ⌬isu2 cells were grown overnight in iron-poor minimal medium containing either galactose or glucose. The incorporation of 55 Fe into overproduced Bio2p was analyzed by radiolabeling cells for 2 h with 55 Fe in the presence of ascorbate, preparation of a cell extract, and immunoprecipitation of the Fe/S protein by using specific anti-Bio2p antibodies. The radioactivity associated with the immunobeads reflects the de novo assembly of an Fe/S cluster with the respective apoprotein and can be estimated by scintillation counting (23) . Comparable amounts of radioactivity were associated with Bio2p in wild-type cells and in Gal-ISU1/⌬isu2 cells grown in the presence of galactose ( Fig. 2A) . Only a small amount of radioactivity was coimmunoprecipitated with preimmune serum. Upon depletion of Isu1p by growth in glucose-containing medium, hardly any radioactivity was associated with Bio2p despite unchanged levels of the Bio2p polypeptide chain (inset). These data indicate that the role of the Isu proteins in maintaining the activity of mitochondrial Fe/S proteins (15, 47 ; not shown) is explained by their necessity for de novo Fe/S cluster synthesis. 55 Fe uptake into Isu1p-depleted cells was increased about threefold ( Fig.  2B ), a finding compatible with the iron accumulation in mitochondria (see above).
Next, de novo formation of cytosolic Fe/S proteins was studied by using isopropylmalate isomerase Leu1p and the essential Rli1p as model Fe/S proteins. The latter protein was overproduced as a hemagglutinin-tagged version (termed Rli1p-HA) (27) . Upon depletion of Isu1p in Gal-ISU1/⌬isu2 cells, a strong decrease of 55 Fe/S cluster assembly on both Leu1p and Rli1p-HA was observed compared with that in wild-type cells or Gal-ISU1/ ⌬isu2 cells containing Isu1p (Fig. 3) . The levels of both proteins 
FIG. 2. Depletion of Isu1p in
Gal-ISU1/⌬isu2 cells causes defects in the de novo biogenesis of mitochondrial Fe/S proteins and increases cellular iron uptake. Wild-type and Gal-ISU1/⌬isu2 cells were transformed with the plasmid p426GPD carrying the BIO2 gene coding for mitochondrial biotin synthase Bio2p. Cells were grown in iron-poor minimal medium containing galactose (Gal) or glucose (Glu). They were radiolabeled with [
55 Fe]iron chloride in the presence of 1 mM ascorbate, and a cell extract was prepared. The amount of Fe/S cluster incorporation into Bio2p was estimated by immunoprecipitation with Bio2p-specific antibodies (␣-Bio2p) and quantitation of coimmunoprecipitated 55 Fe by liquid scintillation counting. A control immunoprecipitation was performed with preimmune serum (PIS) to detect the background levels of 55 Fe precipitation. The inset shows the amounts of Bio2p and Isu1p in Gal-ISU1/⌬isu2 cells detected by immunostaining of cell extracts (50 g). (B) The amounts of 55 Fe uptake by the cells were quantified by liquid scintillation counting. Standard deviations were calculated from three independent experiments. FIG. 3. The Isu proteins are required for the maturation of cytosolic Fe/S proteins. Wild-type and Gal-ISU1/⌬isu2 cells were transformed with the plasmid p426GPD carrying the gene encoding Rli1p-HA. Cell growth, radiolabeling with 55 Fe, and immunoprecipitation using antibodies against Leu1p (␣-Leu1p) or the HA tag (␣-Rli1p-HA) were performed as described in the legend to Fig. 2A . Control immunoprecipitations were performed with preimmune serum (PIS). The insets show the amounts of Leu1p, Rli1p-HA, and Isu1p in Gal-ISU1/ ⌬isu2 cells detected by immunostaining. Standard deviations were estimated from five independent experiments.
were not significantly altered upon depletion of Isu1p, as shown by immunostaining (insets in Fig. 3 ). These results demonstrate that the Isu proteins are also required for the biosynthesis of Fe/S proteins in the cytosol.
Failure to mislocalize Isu1p to the yeast cytosol. Both Isu1p and Isu2p were found to be located exclusively in the mitochondrial matrix in yeast (15, 47) . Nevertheless, based on findings with yeast Nfs1p (37) , it cannot be excluded from such cell fractionation data that minimal amounts of the Isu proteins may be located in other subcellular compartments. This fraction may be responsible for maturation of extramitochondrial Fe/S proteins. To study the potential activity of Isu1p outside mitochondria, we attempted to mislocalize the protein by removing its N-terminal mitochondrial targeting sequence. Upon synthesis of the truncated protein termed Isu1p⌬30 (Fig. 4A ) in Isu1p-depleted Gal-ISU1/⌬isu2 cells, Isu1p⌬30 was detectable only in mitochondria (Fig. 4B) . As expected from this result, Isu1p⌬30 fully complemented the growth defect of Gal-ISU1/⌬isu2 cells after depletion of endogenous Isu1p in glucose-containing medium (Fig. 4C) . Apparently, Isu1p contains targeting information in parts other than the N terminus of its precursor form.
Inspection of the N terminus of mature Isu1p (predicted cleavage site after residue 27) by several mitochondrial presequence prediction programs (Mitoprot, TargetP, and Predotar) revealed a high (41 to 99%) probability of mitochondrial targeting of mature Isu1p. Thus, targeting information present in the N terminus of mature Isu1p may readily explain the efficient localization of this protein to mitochondria. Since the N terminus of mature Isu1p is highly conserved, it was not possible to introduce mutations into this region, since they might interfere with both targeting to mitochondria and the function of Isu1p. We therefore decided to add a short negatively charged N-terminal extension (DAE) to Isu1p⌬30. Negatively charged amino acids are incompatible with mitochondrial targeting (61) , and consequently the mutant protein termed DAE-Isu1p⌬30 (Fig. 4A ) was predicted to be targeted to mitochondria with rather low efficiency (3 to 15%) by presequence prediction programs. Surprisingly, expression of the gene encoding DAE-Isu1p⌬30 in Gal-ISU1/⌬isu2 cells yielded mitochondrial localization of the protein and did not lead to any detectable amounts of DAE-Isu1p⌬30 in the cytosol (Fig.  4B) . Synthesis of DAE-Isu1p⌬30 fully complemented the growth defect of Isu1p-depleted Gal-ISU1/⌬isu2 cells (Fig.  4C) . We did not further analyze the reason why Isu1p still was targeted exclusively to mitochondria, but apparently there exists targeting information in parts other than the N terminus of this protein.
The inability to mislocalize Isu1p to the cytosol precluded the detection of the functional location of Isu1p in cytosolic Fe/S protein maturation. Nevertheless, the data show that the protein contains multiple pieces of targeting information, including the N-terminal presequence, the N terminus of the mature part, and additional, internal information. It seems highly likely that the combination of these multiple targeting sequences ensures overwhelming localization of Isu1p to the mitochondrial matrix.
Bacterial IscU supports cellular Fe/S protein biogenesis after targeting to mitochondria. To circumvent the inability to mislocate yeast Isu1p to the cytosol, we asked whether bacterial IscU proteins can replace the function of the yeast Isu protein homologues and allow localization of IscU to either mitochondria or the cytosol for use in functional studies. The E. coli gene iscU was cloned into a yeast expression vector with or without the coding sequence for the strong mitochondrial presequence of N. crassa F 0 -ATPase subunit 9 (pSu9). Production of mitochondrion-targeted pSu9-IscU in yeast resulted in partial complementation of the growth defect of Isu1p-depleted Gal-ISU1/⌬isu2 cells (Fig. 5A) . In contrast, no colony formation was found for IscU synthesized without a mitochondrial presequence, despite the fact that the IscU protein was detectable in the postmitochondrial supernatant, as analyzed by immunostaining (Fig. 5B) . This finding provided further The function of bacterial IscU in the two cellular locations was examined by measuring the 55 Fe incorporation into mitochondrial Bio2p and cytosolic Rli1p-HA as model Fe/S proteins with Isu1p-depleted Gal-ISU1/⌬isu2 cells. Only mitochondrion-targeted but not cytosolic IscU supported Fe/S cluster association with both Bio2p and Rli1p (Fig. 5C ). The efficiency of Fe/S protein formation by mitochondrial IscU was rather low but two-to fourfold higher than the levels of Fe/S cluster formation in Isu1p-depleted Gal-ISU1/⌬isu2 cells. Further, the higher iron uptake observed in Isu1p-depleted Gal-ISU1/⌬isu2 cells was almost fully reversed by mitochondrial IscU (Fig. 5D) . Despite the incomplete functional replacement of the yeast Isu proteins by bacterial IscU, these proteins can be regarded as functional orthologues. Clearly, IscU requires mitochondrial localization for participation in both mitochondrial and cytosolic Fe/S protein biogenesis. These data provide evidence for the notion that the mitochondrial matrix is the functional location of the Isu proteins for maturation of Fe/S proteins, including those located in the cytosol.
Targeting of human Isu proteins to mitochondria restores the defects of Isu protein-depleted yeast cells. Since the complementation of the Isu protein deficiency by bacterial
IscU was only partial, we asked whether a eukaryotic Isu protein would complement these defects more efficiently. We took advantage of the two human Isu protein homologues to study their functionality in Gal-ISU1/⌬isu2 cells and to further explore the functional site of Isu proteins in eukaryotes. In humans, two cDNAs have been discovered that are transcribed from a single ISU gene (56) . The predominant form (ca. 90 DNA sequence database entries) encodes a mitochondrial version of Isu protein (termed hIsu2). A minor form (seven expressed sequence tag [EST] entries; all derived from tumor cell lines) lacks the mitochondrial presequence due to a splice variation and gives rise to small amounts of an Isu protein isoform in the cytosol (termed hIsu1) (56) . We first tested the functional complementation of Isu1p-depleted Gal-ISU1/ To achieve efficient targeting of the human proteins to yeast mitochondria, the endogenous N-terminal mitochondrial presequence of hIsu2 was replaced by the strong pF 1 ␤ presequence (to yield pF 1 ␤-hIsu2⌬33 [ Fig. 6A ]), and hIsu1 was synthesized with an N-terminal pF 1 ␤ presequence (pF 1 ␤-hIsu1). Synthesis of both proteins in Gal-ISU1/⌬isu2 cells complemented the deficiency in the endogenous Isu proteins in a different manner. Almost-wild-type growth was observed for pF 1 ␤-hIsu2⌬33, whereas hardly any growth was seen for mitochondrion-localized pF 1 ␤-hIsu1 (Fig. 6B) . A likely reason for the low activity of hIsu1 in mitochondria may be the lack of a conserved tyrosine residue at its N terminus. This residue is found in virtually all eukaryotic Isu and prokaryotic IscU protein family members, yet is lacking in cytosolic hIsu1 as a result of differential splicing of its mRNA.
To analyze the function of the mitochondrion-targeted human Isu proteins in mitochondrial and cytosolic Fe/S protein biogenesis, we used the 55 Fe incorporation into Bio2p and Leu1p, respectively, in Isu1p-depleted Gal-ISU1/⌬isu2 cells. Mitochondrial pF 1 ␤-hIsu2⌬33 supported Fe/S cluster formation in both Fe/S apoproteins at almost wild-type efficiencies (75% of Isu1p-containing Gal-ISU1/⌬isu2 cells [ Fig. 6C]) . Thus, yeast Isu proteins and human mitochondrial hIsu2 can be regarded as functional orthologues. Only a slight improvement of Fe/S cluster insertion into Bio2p and virtually no effect on Leu1p were observed for mitochondrion-targeted pF 1 ␤-hIsu1. Apparently, hIsu1 exhibits only a weak activity in Fe/S cluster biogenesis, despite its almost identical amino acid sequence compared to hIsu2⌬33. This finding is consistent with the slow growth of the corresponding cells (Fig. 6B) . We also analyzed the cellular iron uptake, which is characteristically higher in Isu protein-depleted cells (Fig. 2B) . Iron uptake was fully reversed to levels observed for Isu1p-containing Gal-ISU1/⌬isu2 cells by synthesis of pF 1 ␤-hIsu2⌬33, but no significant effect was seen by pF 1 ␤-hIsu1, corroborating the results presented above (Fig. 6D) .
We further tested whether the human Isu proteins might be functional in cytosolic Fe/S protein assembly, when localized to the yeast cytosol. To this end, cytosolic human hIsu1 was synthesized without modification in Gal-ISU1/⌬isu2 cells, and the truncated version of hIsu2 lacking its N-terminal presequence (hIsu2⌬33) was used (Fig. 6A) . No colony formation was observed when these two isoforms were produced without a mitochondrial presequence (Fig. 6B) . These data show that mitochondrial localization was essential for functional replacement of the yeast Isu proteins by the human homologues. No positive influence of both cytosol-localized human Isu proteins was detectable for Fe/S cluster assembly on cytosolic Leu1p in Isu1p-deficient Gal-ISU1/⌬isu2 cells, demonstrating that also for functional participation in cytosolic Fe/S protein biogenesis, the Isu proteins need to be localized in mitochondria (Fig.  6C) . Moreover, the increased cellular 55 Fe uptake was not altered upon synthesis of cytosol-targeted human Isu proteins (Fig. 6D) .
Finally, the localization of the human Isu proteins in yeast was analyzed by transforming cells with plasmids carrying genes encoding HA-tagged human Isu proteins. Mitochondria and postmitochondrial supernatants were prepared and analyzed by immunostaining. The presequence-containing pF 1 ␤-hIsu2⌬33-HA was localized in mitochondria, whereas both hIsu2⌬33-HA and hIsu1-HA were found in the postmitochondrial supernatant fraction (Fig. 6E) . These findings support the conclusion that only mitochondrion-targeted but not cytosollocalized human Isu proteins were functional in replacing the yeast Isu proteins. In summary, our data demonstrate that the Isu proteins perform their function in Fe/S protein biogenesis in mitochondria, for both mitochondrial and cytosolic Fe/S target proteins.
DISCUSSION
In vivo and in vitro evidence suggests that the members of the Isu/IscU protein family provide a scaffold for the de novo synthesis of an Fe/S cluster in mitochondria and bacteria (34, 39, 66) . The central importance of these proteins becomes most evident from their functional interaction with several other proteins of the ISC assembly machinery that are needed either for Fe/S cluster synthesis (Nfs1p and frataxin) (17) or for later steps of Fe/S protein biosynthesis (Ssq1q and Jac1p) (12) . Our present study adds another feature that establishes an important function of the Isu proteins for the entire cell. We demonstrate that the Isu proteins not only play a central role in mitochondrial Fe/S cluster metabolism but also are involved in the biosynthesis of the cytosolic Fe/S proteins Leu1p and Rli1p. Most probably, the Isu proteins participate in the biosynthesis of all (or at least most) cellular Fe/S proteins. Similar findings have been made for other members of the ISC assembly machinery, including Nfs1p, Yah1p, Arh1p, and frataxin (23, 26, 29, 35) , underscoring the central task of mitochondria in the generation of cellular Fe/S proteins.
Several lines of evidence indicate that location of the Isu proteins inside the mitochondrial matrix is crucial for their function in maturation of both mitochondrial and cytosolic Fe/S proteins. First, Isu1p could not be mistargeted to the cytosol, a property that likely is due to the presence of multiple targeting sequences in this protein. As a consequence, Isu1p appears to be located only inside mitochondria. The same may be true for Isu2p, since the functions of both Isu proteins are fully overlapping, and no significant phenotypes of the singlegene-deletion strains ⌬isu1 and ⌬isu2 were evident in our strain background. Second, both bacterial and human Isu homologues can (at least partially) replace the yeast Isu proteins, yet only after targeting to mitochondria. Synthesis of both human and bacterial Isu proteins in the yeast cytosol did not support growth of yeast cells and most strikingly had no detectable influence on the biosynthesis of cytosolic Fe/S proteins. Thus, mitochondrial location of the Isu proteins is necessary for the maturation of cytosolic Fe/S proteins in yeast cells. Whether a cytosolic version of the Isu proteins may be required in addition to mitochondrion-located copies cannot be excluded with certainty, but it seems rather unlikely from the virtually quantitative location of the Isu proteins within yeast mitochondria.
The participation of the yeast Isu proteins and the sulfur donor Nfs1p in cellular Fe/S protein biogenesis is strikingly similar (23) . Like the Isu proteins, the cysteine desulfurase performs its function in both mitochondrial and cytosolic Fe/S protein maturation inside mitochondria. Cytosolic location of Nfs1p does not give rise to Fe/S protein formation in the yeast VOL. 24, 2004 Isu1p AND Isu2p IN CYTOSOLIC Fe/S PROTEIN MATURATION 4853
cytosol. In addition to the essential mitochondrial function of Nfs1p, genetic studies have identified an indispensable task in the nucleus (37) . Recent biochemical studies indicate that the nuclear form of Nfs1p is involved in thiouridine modification of tRNA and not in Fe/S metabolism (38; G. Kispal and U. Mühlenhoff, unpublished observation). Notably, IscS, the bacterial homologue of Nfs1p, provides sulfur for Fe/S clusters, tRNA, and thiamine, thus impressively illustrating the functional similarity of the eukaryotic and prokaryotic enzymes (19) . Mitochondrial function of the Isu proteins (this work) and Nfs1p (23) in cytosolic Fe/S protein maturation implies that mitochondria export a component required for Fe/S protein maturation in the cytosol. Presently, little is known about this putative export process and the chemical nature of the transported moiety. Potential exported components include an Fe/S cluster synthesized by the mitochondrial ISC machinery or a product of a mitochondrial Fe/S protein (31) . Central players of the export pathway are the ABC transporter Atm1p of the mitochondrial inner membrane, the sulfhydryl oxidase Erv1p of the intermembrane space, and the tripeptide glutathione (23, 27, 50) . Depletion of these components results in defects of cytosolic but not mitochondrial Fe/S proteins. This specific phenotype is distinct from the consequences of functional inactivation of components of the ISC assembly machinery (such as the Isu proteins or Nfs1p), resulting in defects in both mitochondrial and extramitochondrial Fe/S proteins (15, 23, 28, 47, 53 ; this study). Recently, yet another factor needed for cytosolic Fe/S protein maturation was identified (45) . The cytosolic P-type ATPase Cfd1p was found to be involved in cytosolic but not mitochondrial Fe/S protein biosynthesis: i.e., inactivation of Cfd1p elicits a phenotype comparable to the defects in components of the mitochondrial ISC export machinery. It is tempting to speculate that Cfd1p cooperates with the mitochondrial ISC export machinery in maturation of cytosolic Fe/S proteins.
Several components of the yeast mitochondrial ISC assembly and export machineries including the two Isu proteins are encoded by essential genes (30) . In fact, Fe/S protein biogenesis is the only known biochemical process (apart from biogenesis of the organelle by preprotein import, processing and transformed with plasmids carrying either no gene or the genes for human hIsu1 and hIsu2 proteins indicated in panel A. These cells and wild-type cells were grown on agar plates containing synthetic complete medium with either galactose (SGal) or glucose (SD) for 3 days at 30°C. (C) Cells from panel B were transformed with the plasmid p426GPD carrying the BIO2 gene. After growth in the presence of galactose (Gal) or glucose (Glu), cell extracts were examined for de novo 55 Fe/S cluster incorporation into mitochondrial Bio2p and cytosolic Leu1p as described for Fig. 2A. (D) The cellular 55 Fe uptake of the various cell types was quantified by liquid scintillation counting. Data were normalized to the amounts of iron uptake into Isu1p-containing Gal-ISU1/⌬isu2 cells (grown with galactose). Standard deviations were calculated from four independent experiments. (E) Plasmid p424GPD carrying the genes for HA-tagged versions of pF 1 ␤-hIsu2⌬33, hIsu2⌬33, or hIsu1 was transformed into Gal-ISU1/ ⌬isu2 cells. After growth in minimal medium containing glucose, mitochondria (M) and postmitochondrial supernatants (PMS) were prepared. Equal amounts of protein (50 g) were analyzed by immunostaining for the HA-tagged human Isu proteins and Bmh1p. (57) . Giardia was shown to contain so-called mitosomes, double-membrane-bounded organelles derived from mitochondria by reductive evolution. Mitosomes lack classical functions of mitochondria (20, 63) , but maintained the ISC assembly machinery as their prominent function, underlining the importance of mitochondria/mitosomes for Fe/S cluster biogenesis in the entire cell. Fe/S protein biogenesis appears to be conserved in eukaryotes. Mammalian genomes contain homologues of virtually all components of the yeast ISC assembly and export machineries, and these proteins share extensive sequence similarity. Some of these components have been demonstrated to functionally replace each other, such as human and yeast Isu proteins (this study), human frataxin and Yfh1p (64), human ALR and Erv1p (27) , or human ABC7 and its functional orthologue, Atm1p (9) . Moreover, the largely increased mitochondrial iron uptake in mammalian cells harboring defective frataxin or ABC7 suggests close functional similarities between the yeast and mammalian systems (4, 24, 42) . However, only a few functional studies on the biosynthesis of Fe/S proteins in higher eukaryotes have been reported so far. For instance, maturation of the cytosolic aconitase IRP1 depends on the function of energized mitochondria (i.e., organelles exhibiting a membrane potential [5] ). This finding is strikingly similar to our observations made for yeast cells described above (23) . Despite these conspicuous similarities, Fe/S protein biogenesis in human cells may be more complex than it is in yeast. Some components of the human ISC assembly machinery have been detected in the cytosol and the nucleus, even though at rather low concentrations (25, 55, 56) . This raises several intriguing questions, including what contribution the human cytosolic ISC components might provide for cytosolic Fe/S protein maturation and what role human mitochondria might play in this process. We show here that mitochondrial hIsu2 can replace the endogenous yeast proteins after targeting to mitochondria, whereas the cytosolic human hIsu1 is hardly functional in yeast mitochondria, despite its sequence identity with mitochondrial hIsu2 (56) . The reason for this striking functional difference is the lack of a conserved tyrosine at the N terminus of cytosolic hIsu1. Notably, hIsu1 is the only member of the large Isu/IscU protein family lacking this residue. The inherent functional defect combined with the low cytosolic concentration of hIsu1 questions the functionality of hIsu1 in cytosolic Fe/S cluster synthesis.
Counterparts of the splice variants of human Isu mRNA have not been identified in other higher eukaryotes so far. A recent systematic study has shown that splice variations are remarkably conserved in higher eukaryotes (6 However, these two proteins do not appear to be functional outside mitochondria, as they participate in partial reactions of steroid hormone biosynthesis only after steroid precursor import into mitochondria from the smooth endoplasmic reticulum (52) . Clearly, all this information is indirect and speculative and therefore does not clarify the interesting problem of mitochondrial versus cytosolic Fe/S cluster assembly in mammalian cells. The studies with yeast, including those presented here, strongly indicate that there is no duplication of the mitochondrial ISC assembly machinery in the cytosol. However, with respect to the apparent fundamental differences in the mechanisms of iron sensing, uptake, and storage in fungi and humans (58), it is not excluded that cytosolic Fe/S assembly may take a different path in mammalian systems. Solution of this problem will have to come from in vivo investigations of Fe/S cluster assembly in higher eukaryotes.
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